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The area planted to soybean in South Africa has increased by 54% since the 2009 growing season, mainly 
as a result of the increasing demand for protein-rich food and fodder sources. Moreover, the introduction 
of advanced technology, namely the availability of genetically modified herbicide tolerant soybean cultivars 
also contributed towards increased soybean production. The omnipresence of plant-parasitic nematodes in 
local agricultural soils, however, poses a threat to the sustainable expansion and production of soybean and 
other rotation crops. Meloidogyne incognita and M. javanica are the predominant nematode pests in local 
soybean production areas and those where other grain-, legume- and/or vegetable crops are grown. The 
lack of registered nematicides for soybean locally, crop production systems that are conducive to nematode 
pest build-ups as well as the limited availability of genetic host plant resistance to root-knot nematode pests, 
complicate their management. Research aimed at various aspects related to soybean-nematode research, 
namely, audits of nematode assemblages associated with the crop, identification of genetic host plant 
resistance in soybean germplasm to M. incognita and M. javanica, the use of molecular markers that are 
linked to such genetic resistance traits as well as agronomic performance of pre-released cultivars that 
can be valuable to producers and the industry are accentuated in this review. Evaluation of synthetically-
derived as well as biological-control agents are also discussed as complementary management tactics. It 
is important that lessons learned through extensive research on soybean-nematode interactions in South 
Africa be shared with researchers and industries in other countries as they might experience or expect similar 
problems and/or challenges.
Introduction
Soybean (Glycine max (L.) Merr) is a major source of protein and oil, both for local human and animal consumption.1,2 
During the 2012/2013 growing season, sunflower ranked first in terms of its production (860 000 t)1, followed by 
soybean (710 000 t) and dry bean (60 200 t)3. These three are the main oilseed- and protein crops being produced 
in South Africa. Locally, the hectares planted to soybean have increased by 54% from 2008/2009 to the 2013/2014 
growing seasons.1 Furthermore, the introduction of advanced technology in the form of genetically-modified, 
herbicide-tolerant, Roundup® Ready (RR) soybean material, was experienced in 2004 when such cultivars were 
released for commercial production in South Africa.4 These trends reflect the increasing and urgent need for oil and 
protein sources to feed a fast growing nation as well as its cattle industry.2 
Although soybean was traditionally cultivated in the Free State, KwaZulu-Natal, Mpumalanga and Gauteng 
Provinces,1 its production was and still is extended to areas where predominantly maize and crops such as 
groundnut, sunflower, potato and others were traditionally grown. The initiative to expand and stimulate local 
soybean production resulted in exposure of the crop to new pests and diseases that have the potential to seriously 
reduce local soybean production.2 For example, the soybean leaf miner, Aproaerema modicella (Deventer) that 
was introduced into South Africa and reported as a pest of groundnut during the early 2000s also attacks soybean 
in certain areas of the country.5 A similar scenario was experienced in 2001 when the economically important 
soybean rust disease, caused by the newly-introduced fungus Phakopsora pachyrhizi Sydow, was first recorded 
as a major pathogen of soybean crops in traditional local production areas.6 Not only should soybean cultivars 
be adapted to local environmental conditions to optimise crop performance, it should also exhibit resistance to 
diseases and pests such as plant-parasitic nematodes, bacteria, fungi and insect pests.2 
Although not always perceived as pests of soybean and other crops, plant-parasitic nematodes are economically 
one of the most important production constraints in crop production areas of sub-Saharan Africa.7 The latter include 
current and potential soybean production areas in South Africa.8-10 Towards the end of the 1980s, the estimated 
annual soybean yield losses resulting from plant-parasitic nematode parasitism amounted to approximately 
9%.11 The 9%, however, referred to damage caused by various plant-parasitic nematode communities and did 
not distinguish between the contribution by particular nematode species. More recent assessments of the pest 
status of root-knot nematodes on soybean revealed yield losses that ranged from 25–70%.8,12,13 In addition, two 
of the national soybean cultivar trials that are annually conducted by the Agricultural Research Council’s Grain 
Crops Institute (ARC-GCI) were terminated during 1999 as a result of high root-knot nematode infections causing 
total crop failure.14 Distinct root-galling (Figure 1a and b) represents below-ground symptoms and is caused by 
feeding of female root-knot nematodes (Figure 2). On the other hand, above-ground symptoms in fields where high 
population levels of these pests occur can include stunted plants with yellowing leaves (Figure 3). 
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A feeding root-knot nematode 
female with her neck embedded in 
root cells in the vascular cylinder of 
a soybean plant
Giant-cell formation in the 
vascular cylinder of the plant root 
as a result of feeding by root-
knot nematode individuals
Photo: Driekie Fourie
Figure 2: The swollen, roundish body of a red-stained female root-knot 
nematode positioned with her neck embedded in root cells in the 
vascular cylinder of the soybean plant in which she is feeding. 
Photo: Driekie Fourie
Figure 3: A root-knot nematode infected and galled soybean root system 
(left) and an uninfected one (right). The infected soybean plant 
(left) has yellow leaves and is stunted.
The increased awareness and adverse impact of plant-parasitic 
nematodes on soybean crops and the expansion of the crop resulted in 
the initiation of several research projects. Subsequently, the significant 
body of knowledge regarding soybean-nematode interactions that was 
accumulated since the middle 1950s is discussed. As soybean production 
on the African continent increases, South African knowledge of this crop 
could be applied in the rest of Africa where soybean production is also 
increasing15 and where similar environmental conditions occur as those 
in South Africa. For these reasons, aspects are highlighted regarding 
the most important nematode pests of soybean, expected problems 
encountered with the introduction of soybean into production areas 
where it was not grown before as well as tactics that can be used to 
manage these pests. 
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Figure 1: (a) Root-knot nematode galls, resulting from parasitism by 
Meloidogyne sp. females, on the roots of a soybean plant that 
was sampled during the 2013/2014 growing season in the 
Sasolburg area (Free State Province of South Africa). (b) Heavily 
galled root systems of two root-knot nematode infected soybean 
plants that grew in the Viljoenskroon area (Free State Province of 
South Africa) during the 2012/2013 growing season. 
Root-knot nematode galls
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Plant-parasitic nematodes associated with 
soybean in South Africa
To date, 18 plant-parasitic nematode genera and 48 species have been 
associated with soybean in South Africa (Table 1). In 1959, individuals of 
the endoparasitic root-knot nematode species M. arenaria were reported 
to parasitise soybean16, followed by listings of M. hapla, M. incognita 
and M. javanica being associated with the crop in 1968.17 During the 
early 1980’s, the species list was extended when numerous plant-
parasitic nematode species identified from rhisosphere soil and roots of 
soybean plants were added.18 Since then, more nematodes associated 
with soybean were reported from material deposited in the National 
Collection of Nematodes (Nematology Unit of the Agricultural Research 
Councils’ Plant Protection Research Institution) and samples collected 
during surveys that formed part of the South African Plant-Parasitic 
Nematode Survey.9,19
The first extensive nematode survey was conducted during 1995/1996 
at 17 localities situated within the local soybean production areas.20 As 
a result, two nematode genera (Longidorus and Tylenchorhynchus) and 
11 species were listed as new records for soybean in South Africa. The 
latter species were Criconemoides sphaerocephalus, Helicotylenchus 
digonicus, H. microcephalus, Longidorus pisi, Meloidogyne ethiopica 
Pratylenchus crenatus, P. teres, P. thornei, Scutellonema truncatum, 
Tylenchorhynchus goffarti, and Xiphinema elongatum. The predominant 
endoparasitic nematode pests identified from soybean roots during the 
survey were Meloidogyne spp. (M. ethiopica, M. hapla, M. incognita 
and M. javanica) and Pratylenchus spp. (P. brachyurus and P. zeae). 
Moreover, root-knot nematode second-stage juveniles (J2) were present 
in 91% of all root samples. It was also evident that the occurrence of 
the predominant endoparasitic nematodes was not restricted to sandy 
soil, but that they also occurred at localities containing soils with clay 
content as high as 35%. Although present in low population density 
levels, another economically important endoparasitic nematode species 
Ditylenchus africanus (peanut-pod nematode) was also identified from 
soybean roots. This nematode represents a definite production constraint 
for groundnut crops throughout local production areas.21 The soybean 
cyst nematode, Heterodera glycines, that poses a significant threat to 
soybean production in other parts of the world22,23 has, however, not 
been reported locally during the survey or to date (Marais M 2014, oral 
communication, June 6). 
That root-knot nematodes are generally the predominant plant-parasitic 
nematodes associated with local soybean crops8,20 corresponds with 
reports that these pests are also considered as a serious constraint to 
production of the crop worldwide22,23. Diagnostic nematode analyses 
revealed exceptional high root-knot nematode population density 
levels of 11 401 eggs and J2/50 g roots from RR plants that grew in 
the Bothaville area (Free State Province) during the 2011 season.24 
During April 2013, 161 213 Meloidogyne sp. eggs and J2/50 g roots 
were extracted from roots of a conventional soybean cultivar that 
was cultivated in the Edenville area (Free State Province).25 The latter 
areas include those to where soybean production has been expanded 
recently. Increased infection of soybean and rotation crops included in 
soybean-based cropping systems by single or mixed populations of 
M. incognita and M. javanica is thus imminent because of the damage 
potential of such pests. The latter species commonly occur in areas 
where soybean was traditionally cultivated in South Africa as well as 
in those areas where maize is grown8,10 and where soybean is now 
being introduced. This scenario particularly applies where soybean 
is included in conservation agriculture systems in which the use of 
herbicide tolerant cultivars is often preferred. To date, all genetically 
modified herbicide tolerant, RR soybean cultivars evaluated for their host 
suitability to M. incognita have been reported as susceptible.26,27 This 
scenario emphasises and complicates the challenge faced by producers 
and the industry to manage these pests in future. The emphasis on 
soybean-nematode research has been on the use and exploitation of 
genetic resistance as a viable and environmentally safe tactic to reduce 
population levels of particularly root-knot nematodes. Initiatives in this 
regard will be discussed below, followed by knowledge gained in terms 
of other management tactics that may add value to soybean producers 
and the industry. 
Table 1: Plant-parasitic nematodes associated with soybean in South 
Africa since 19599,16,17,18,20,64,65
Nematodes
Criconema corbetti64 Pratylenchus brachyurus18
C. mutabile65 P. crenatus20
C. pauciannulatum9 P. neglectus9
Criconema sp.64 P. penetrans64
Criconemoides parvus9 Pratylenchus sp.65
C. sphaerocephalus20 P. teres20
Ditylenchus africanus20 P. thornei20
Geocenamus brevidens18 P. zeae9
Helicotylenchus digonicus20 Rotylenchulus parvus9
H. dihystera9 Rotylenchulus sp.64
H. martini64 Rotylenchus incultus64
H. microcephalus20 Rotylenchus sp.64
H. paraplatyurus65 R. unisexus9
H. pseudorobustus9 Scutellonema brachyurus18
Helicotylenchus sp.64 S. commune9
Hemicriconemoides strictathecatus64 Scutellonema sp.64
Hemicycliophora sp.64 S. truncatum20
H. typica64 S. unum64
Longidorus pisi20 Subanguina sp.64
Longidorus sp.64 Tylenchorhynchus brevilineatus64
Meloidogyne arenaria16 T. goffarti20
Meloidogyne ethiopica20 T. mashhoodi64
Meloidogyne hapla17 Tylenchorhynchus sp.65
Meloidogyne incognita17 T. ventralis64
Meloidogyne javanica17 Xiphinema clavatum65
Meloidogyne sp.18 X.elongatum20
Nanidorus minor9,64 X. mampara65
Paratrichodorus lobatus64 X. ornatizulu65
P. porosus64 Xiphinema sp.64
Paratrichodorus sp.64 X. vanderlindei9
X. zulu64
Genetic resistance to root-knot nematodes
The use of root-knot nematode resistant soybean cultivars is one of 
the most economically justified strategies for controlling root-knot 
nematode pests.28 The rest of this review will thus focus on this strategy 
as the most popular, cost-effective and efficient strategy for sustainable 
production of soybean, while only a concise summary on other potential 
management strategies will be given.
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The use of cultivars that exhibit resistance to root-knot nematodes 
generally results in substantial reductions in population levels of 
these pests.12,22,28 Despite the phenomenon that J2s penetrate roots of 
resistant cultivars to the same extent as that of susceptible cultivars, 
sub-optimal development of J2s within the roots of resistant host 
plants follow with subsequent retarded development of all J2 life-cycle 
stages.29-32 Significantly lower numbers of eggs are thus produced 
by mature root-knot nematode females that feed in roots of resistant 
cultivars opposed to those that parasitise roots of susceptible cultivars. 
Although a wide range of genotypes with varying levels of resistance to 
root-knot nematode species and races is available,23,23 such material is 
not necessarily adapted to local environmental conditions. They are also 
not necessarily resistant to local root-knot nematode species and races 
as will be illustrated below. 
Studies on the host status of local soybean cultivars to root-knot 
nematodes were first reported in the 1990s when 19 commercially 
available cultivars were screened for their host suitability to M. javanica 
and M. incognita race 4, respectively.33 The cultivars differed with regard 
to their host suitability to the two respective root-knot nematode species, 
with relatively low to moderate levels of resistance being identified. 
During the end of the 1990s, further screening of local cultivars using 
various nematode life history parameters as criteria, namely egg-laying 
female indices, egg and J2 numbers/root system and reproduction 
factor (Rf) values, followed.34 The latter parameters varied substantially 
for the 38 soybean cultivars that were screened against M. incognita 
race 1, 2 and 4 as well as M. javanica. According to (Rf)values, none 
of the cultivars exhibited resistance to M. incognita race 2 (Table 2). 
However, several were considered to have some level of resistance to 
M. incognita races 1 and 4 as well as M. javanica (Table 2). Sources of 
resistance in local soybean cultivars against M. incognita races 2 and 4 
and M. javanica (Table 2) were also reported during the mid 2000s.26,35 Of 
the 85 local and foreign soybean genotypes that were evaluated for host 
suitability to M. incognita race 2,26 LS5995 exhibited the highest level of 
resistance (Rf=0.01) followed by PI96354, PAN780, Egret, PAN660, 
LS688, Potties, PAN564, G93-9106, G93-9009, G93-9201 and LS666 
(Table 2). Interestingly, Forrest that was recorded with partial resistance 
to USA populations of M. incognita,36 proved to be susceptible to some 
local M. incognita race 2 populations.26,27
Although gall ratings and egg mass indices were commonly used as 
criteria for determining root-knot nematode resistance in soybean,28,37 
egg production is generally regarded as a more reliable criterion.28,38 In 
some cases, soybean genotypes exhibited low gall ratings but high egg-
laying female indices and high numbers of eggs/plant. This unexpected 
crop reaction to root-knot nematode infection was also reported for 
exotic soybean cultivars.36 It implies that using gall ratings alone can 
lead to inaccurate interpretation of data regarding cultivar resistance 
to root-knot nematodes. This phenomenon is further illustrated as 
plant resistance could be affected through one or several different 
mechanisms of resistance.28,37 Several criteria describing the possible 
resistance mechanism involved should thus be applied during the 
identification of resistance in crop cultivars. Results obtained during 
screenings, however, ultimately resulted in valuable knowledge being 
available for use in the planning of crop rotation systems as well as 
the exploitation of sources of resistance for breeding purposes. 
Undoubtedly, the continuous screening of cultivars that enter the market 
is crucial because producers should be updated annually on poor-host 
cultivars that could be used in their rotation systems. In this way, root-
knot nematode populations can be reduced on a continuous basis to 
allow for the sustainable production of crops.
Molecular markers linked to root-knot nematode 
resistance
Molecular methods, i.e. marker-assisted selection (MAS) during breeding, 
have been applied widely to improve the success rate and levels of root-
knot nematode resistance selection28 and to accelerate the development 
of soybean cultivars that exhibit this trait.39-44 Genetic markers associated 
with resistance to M. incognita41-43, M. javanica39,44 and M. arenaria40 have 
been identified using amplified fragment length polymorphism (AFLP), 
restriction fragment length polymorphism (RFLP), sequence characterised 
amplified regions (SCAR) and/or micro-satellite or simple sequence repeat 
(SSR) markers. The use of such markers linked to root-knot nematode 
resistance traits in soybean cultivars and subsequent application of MAS 
is a quick and effective way to expedite nematode resistance breeding 
processes28,39-44, which has also been exploited in local resistance 
breeding programmes45,46. The latter include identification and verification 
of M. javanica45 and M. incognita resistance46, being additional milestones 
for soybean-nematode research in South Africa. 
Meloidogyne javanica 
AFLP markers linked to M. javanica resistance in the local soybean 
cultivar Gazelle and subsequent conversion thereof to SCARS45, was the 
first successful attempt for such research on soybean in South Africa. 
A close linkage of RFLP marker B212 was reported for the resistance trait, 
accounting for 62% of the variation in M. javanica gall index measurements. 
Marker data obtained in this regard corresponded with those for a marker 
located in the same region on LG-F for the exotic M. javanica-resistant 
soybean line PI230977.39 However, the other marker, A725-2 situated on 
LG-D1, that accounts for only 13% of gall index variation in the latter exotic 
line, was not polymorphic for the two parents used in the local mapping 
population and thus not detected in Gazelle.
The AFLP fragments identified in Gazelle were then used to develop a 
marker system that is easily and economically applicable in MAS in local 
breeding programmes.45 Marker E-AAC/M-CAT1 (LG-F) that linked in 
Table 2: Soybean genotypes resistant to various South African root-knot 
nematode species and races26,27,34,35,66
Genotype Mi 1 Mi 2 Mi 4 Mj Genotype Mi 1 Mi 2 Mi 4 Mj
A530834 √ GCI-PRF 727 √
A540934,35 √ √ Highveld Top35 √
A711934,35 √ √ √ Hutton34 √ √
Bakgat35 √ √ √ LS599526,27 √
Bamboes34,35 √ √ √ LS599566 √
Crawford35 √ √ √ LS68826 √
Columbus35 √ √ LS66626 √
CRN223334 √ √ Nyala34 √ √
D82-329826 √ PAN49434 √
Egret26 √ PAN49435 √ √
Forrest,35 √ √ PAN58134 √
Forrest34 √ √ PAN72334 √ √
Gazelle34 √ PAN78026 √
G93-920126 √ PAN79035 √ √
G93-900926 √ PAN81234 √ √
G93-910626 √ PAN81235 √ √
GCI-PRF 127 √ PI9635426 √
GCI-PRF 227 √ SCSI34 √
GCI-PRF 327 √ SNK6034 √ √
GCI-PRF 427 √ Talana34 √ √
GCI-PRF 527 √ Zebra34 √
GCI-PRF 627 √
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the repulsion phase accounted for the greatest variation in gall indices 
(42%), while marker E-ACC/M-CTC2 (LG-F) that linked in the coupling 
phase explained 25% of the variation for the same nematode parameter. 
Both markers associated with the gall index parameter were linked to 
LG-F. The quantitative trait locus (QTL) for gall-index resistance mapped 
between markers B212 and E-AAC/M-CAT1 (SOJA7), which according 
to MAPMAKER-EXP analysis are only 2.4 cM apart. E-ACC/M-CTC2 
(SOJA6), mapped near B212, with the QTL being recorded as 3.8 cM 
from marker B212. The latter indicates that the combined use of these 
two markers in MAS could be very effective. Subsequently the two AFLP 
markers mapping closely to and bracketing the M. javanica resistance 
trait in Gazelle were successfully converted to SCARs (SOJA6 and 
SOJA7, respectively) and employed for MAS in a breeding population. 
SOJA6 distinguished between homozygotic and heterozygotic progeny 
and SOJA7 against homozygous resistant plants only. Successful 
conversion of AFLP markers to either RFLP or polymerase chain reaction 
(PCR) markers has been reported by only a few authors.47-50 Additional 
QTLs, if present, would likely be of minor importance in terms of a 
contribution to explaining variation in gall index for M. javanica resistance 
in local cultivar Gazelle. 
Meloidogyne incognita 
For identification of molecular markers associated with M. incognita 
resistance, the soybean cultivar LS5995 was used as the resistant 
parent in crosses to obtain a segregating F2 mapping population.
46 
A lack of polymorphism for SSR markers between the parents, 
however, complicated the identification and location of QTLs associated 
with the M. incognita resistance in LS5995. As a result of the lack of 
polymorphism, accurate mapping of a major QTL associated with 
resistance to M. incognita in the resistant USA soybean line PI9635441 
could not be achieved for the local resistant LS5995. The F2 population 
was screened with a number of SSR evenly distributed throughout the 
soybean genome, with Satt201, Satt358, Satt487 and Satt590 being the 
SSR markers identified as those linked to the resistance trait.46 QTL data 
obtained for LS5995 differed from those published by other authors41,42 
because no SSR markers could be identified in association with 
resistance to M. incognita in LS5995 on LG-G. In contrast, a minor QTL 
(Satt012) on LG-G that explained 18% of the variation in M. incognita gall 
indices41 as well as three SNPs in Satt199 source-sequences were linked 
near a major QTL in the exotic line PI96354.42 In the local F2 mapping 
population, two QTLs were identified using variation in gall indices and 
egg and J2 numbers/root system. One of these was located on LG-O 
(close to the one identified for the exotic line PI96354),42 while the 
other major QTL was located on LG-M. The QTL located near Satt358 
explained 56% of the variation in gall indices on LG-O for PI96354, while 
in local cultivar LS5995, it only explained 32% of the phenotypic variation 
for this parameter. On the other hand, the major QTL on LG-M identified 
in this study explained 80% of the variation in M. incognita eggs and 
J2 numbers/root system. The latter QTL was not identified in the exotic 
line PI96354,42 suggesting that different resistance mechanisms are 
involved in the two genotypes. The frequency distribution of the F2 
progeny for both M. incognita gall indices and eggs and J2 numbers/
root system suggested that resistance in LS5995 was quantitatively 
inherited and is thus controlled by a number of genes and not by partially 
dominant inheritance of one major gene.51 Validation of molecular 
markers associated with resistance to M. incognita present in local and 
foreign cultivars and an F6 progeny of a LS5995 x Prima2000 cross
52 
further emphasises and confirms the value of MAS in soybean breeding 
programmes. Important to note, however, is that the presence of only 
one of the several markers identified in a particular root-knot nematode-
resistant cultivar does not necessarily guarantee the introgression 
of such resistance. For example, the M. incognita-resistant soybean 
cultivar Forrest contains three markers (Satt201, Satt487 and Satt358)46 
but proved to be susceptible when screened to a local population of 
this species in several glasshouse experiments46,34. This scenario also 
emphasises the use of MAS in combination with traditional screening 
procedures to ensure that resistance is successfully introgressed into 
a genotype.
Ultimately, interventions to pyramid both minor and major genes 
linked to M. incognita and M. javanica resistance should enhance the 
level of these traits in local soybean cultivars. This way, superior and 
polyspecific levels of root-knot nematode resistance can be selected for 
in germplasm. 
Resistance mechanism(s)
The resistance mechanism(s) exhibited by the M. incognita-resistant 
cultivar LS5995 was determined by means of penetration, development, 
reproduction and histopathology studies.29 These studies showed that 
J2s initially penetrated roots of the resistant LS5995 and susceptible 
Prima2000 in equal numbers. However, the J2 penetration rate was 
significantly lower in roots of LS5995 10 days after inoculation, which 
corresponds with results for exotic M. incognita-resistant genotypes 
reported by other authors.30-32 Furthermore, numbers of J2 developmental 
stages were 4.6-fold higher in the roots of the susceptible Prima2000 
compared to that in LS5995. Ultimately, the number of eggs/egg mass 
and numbers of eggs/root system, which are important indicators of 
antibiosis resistance, were also significantly lower in LS5995. These 
studies therefore indicated that the major mechanism of resistance in 
the resistant cultivar represented typical post-infectional antibiosis. 
Histopathology investigations on the other hand illustrated that M. 
incognita J2s penetrated roots of both the resistant and susceptible 
cultivars and migrated intercellularly to the parenchyma cells in the 
vascular cylinder 2 days after inoculation.29 Pronounced cellular 
changes were also observed in the roots of both cultivars between 10 
and 30 days after inoculation and generally represented those reported 
for other exotic resistant and susceptible cultivars.53,54 The presence 
of sub-optimal giant cells, some with distinctly thicker cell walls that 
was recorded for the resistant LS5995 had not been reported for other 
resistant soybean cultivars or resistant cultivars of other crops before.53,54 
Whether the presence of such atypical giant cells with thicker giant 
cell walls in roots of LS5995 can be ascribed to differences in genetic 
markers associated with M. incognita resistance in LS5995 compared 
to those reported in exotic cultivars42 is unknown and warrants further 
investigation. Giant cells in the roots of the resistant LS5995 were also 
smaller and fewer (Figure 4) compared to those in roots of its susceptible 
counterpart (Figure 5). The association of M. incognita individuals that 
showed retarded development with sub-optimal giant cell formation 
(including necrosis around the giant cells; Figure 6) and ultimately 
reduced reproduction and fecundity in LS5995, further illustrated the 
presence of multiple defence strategies at genetic level to withstand 
parasitism by M. incognita. These findings also complemented the 
quantitative nature of the resistance identified in LS5995. Finally, studies 
at cellular level substantiated and gave insight into host plant defence 
mechanisms employed in LS5995. This can contribute to enhancing the 
development of strategies to better understand and engineer resistance 
against this species. 
Verification of resistance 
Damage-threshold levels 
The damage-threshold level that was determined for M. incognita in 
the resistant cultivar LS5995 in semi-field studies was 10 times higher 
compared to that of its susceptible counterpart.12,55 This study illustrated 
that a relatively small economic loss will be sustained when a resistant 
cultivar is planted compared to a susceptible one. However, to extrapolate 
and apply such information to other areas is complicated because 
numerous factors have an effect on nematode threshold levels, such as 
environmental conditions, the cultivar planted, the nematode species/race 
present as well as other geographic and edaphic factors.56 Therefore, 
it is suggested that damage-threshold values for root-knot nematodes 
in agricultural crops, soybean in particular, should be considered 
circumspectively and at most, be used as guidelines for implementation 
of control action. This implies that successful management of root-knot 
nematodes in soybean cannot be done by using a single strategy such 
as host plant resistance. Additional nematode control strategies such 
as chemical control (if available), cultural control and others should for 
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Image: Driekie Fourie; 100x magnification
GC, giant cell; Hy, hyperplasia; N, nematode
Figure 4: A light-microscope micrograph of a transverse section showing 
five distinct and optimal giant cells visible in the mature 
provascular cylinder in the root of a susceptible soybean 
cultivar 10 days after inoculation with Meloidoyne incognita 
second-stage juveniles (J2s).
Image: Driekie Fourie; 100x magnification
GC, giant cell; N, nematode; NC, normal cell
Figure 5: A light-microscope micrograph of a transverse section 
showing three distinct, non-optimal giant cells visible in the 
mature provascular cylinder in the root of a resistant cultivar, 
LS5995, 10 days after inoculation with Meloidoyne incognita 
second-stage juveniles (J2s). 
Image: Wilna Pretorius
CW, cell-wall; GC, giant cell; N, nematode; NC, normal cell; NEC, necrotic cell; NM, 
nucleus membrane; LN, lobed nucleus; NUC, nucleolus; V, vacuole
Figure 6: A transmission electron micrograph of a transverse section 
through an undifferentiated provascular cylinder showing 
necrotic cell tissue visible in the root of a resistant cultivar, 
LS5995, near the head of a feeding Meloidoyne incognita 
second-stage juvenile (J2) 2 days after inoculation.
example be used on an integrated basis to ensure effective long term 
suppression of nematode populations. 
Glasshouse and semi-field studies
Resistance against M. incognita was verified by determining the effect of 
increasing initial population density levels (Pi) on population dynamics 
and yield of the resistant LS5995 as well as a susceptible counterpart in 
semi-field studies.12 Strong, non-linear relationships existed between Pi 
for all the nematode variables used, namely, number of egg masses, egg-
laying females indices, Rf-values and percentage yield loss. Non-linear 
models for Pi against percentage yield loss indicated that yield loss in 
LS5995 was at least six times lower than that of the susceptible cultivar, 
which demonstrated the monetary benefit provided by the resistant 
cultivar. Similar results and benefits of differential yield loss in exotic 
resistant soybean cultivars grown in M. incognita-infested soil have 
been reported.57 
Distinct differences in the response of M. incognita individuals in terms 
of their life history parameters, furthermore confirmed the resistance 
trait in LS5995.29 The importance of considering as many as possible 
nematode parameters when investigating aspects such as host plant 
resistance was highlighted as a result of this research. It is also 
suggested that the use of host plant resistance in only one crop (soybean 
in this case) in local rotation cycles with other susceptible crops such as 
maize8,10, sunflower58, potato59 or dry bean9,11 may not be sufficient for 
keeping M. incognita population levels below damage-threshold levels 
in the medium to long term. Also, the use of host-plant resistance as 
the only management strategy may not provide sufficient protection 
against nematode pests. Therefore, careful consideration of as many 
factors as possible during the planning and development of production 
systems where nematode-susceptible crops will be cultivated in root-
knot nematode infested soils needs to be considered. 
Field studies
Host and yield responses of M. incognita-resistant genotypes identified 
in initial screenings, including LS5995, together with two susceptible 
soybean cultivars were furthermore verified under natural environmental 
conditions.55 Root-knot nematode numbers in both soil and root samples 
were significantly higher for all genotypes inoculated with M. incognita 
eggs and J2 compared to the uninoculated control plants. Furthermore, 
the number of eggs and J2 in the roots of nematode-infected plants was 
significantly higher in the susceptible cultivars compared to the resistant 
genotypes, except for the resistant cultivar Potties in one of the trial sites. 
In contrast with the high reproduction of root-knot nematodes in roots 
of the susceptible Prima/Prima2000, LS5995 in particular, consistently 
maintained significantly lower M. incognita population levels in all field 
experiments. Also, in the majority of the experiments, yield of the resistant 
genotypes did not differ significantly between the uninoculated and the 
nematode-infected plants. Yield response was, however, generally 
dependent on environmental effects, as was also indicated by authors,56,57 
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and thus limited further qualification of resistant or susceptible soybean 
genotypes as tolerant, intolerant and/or hypersensitive. 
Eight F8 lines with superior levels of resistance to M. incognita
52, 
resulting from breeding efforts to identify molecular markers in the local 
resistant cultivar LS5995 were additionally evaluated for their agronomic 
performance during two seasons at eight different localities60. Yield 
data of two of these lines were similar to that of Egret, which is the 
only cultivar with resistance to M. incognita that is currently available 
commercially. These genotypes do not contain the RR gene and no 
such root-knot nematode-resistant soybean cultivars are registered at 
this stage in South Africa, therefore, exploitation of such material and 
conversion thereof to RR material will add value to the local soybean 
industry as an investment to complement sustainable production of 
the crop.
Other management strategies
Chemical and biological control
Although several nematicides are registered for use on soybean 
worldwide22,23, but not in South Africa61, application of such products is 
seldom economically justifiable22,23. Locally, evaluation of nematicides 
on soybean that was cultivated in M. javanica-infested soil included 
ethylene-dibromide (EDB®), aldicarb and chlorpirifos as well as two 
biological products. The latter contained Paecelomyces lilacinus and 
Bacillus spp., respectively.62 Plots where the soil was fumigated with 
EDB® consistently resulted in the lowest M. javanica population levels 
and highest yields, followed by those treated with aldicarb and terbufos. 
The bionematicide treatments did, however, not always differ significantly 
from the untreated control or other treatments in terms of their efficacy.
Nematicide efficacy was also conducted under field conditions 
where high infestation levels of M. incognita were present.63 Fourteen 
nematicide treatments were included and represented various dosages 
of aldicarb, abamectin, cadusafos, oxagran, oxamyl and terbufos. 
Significant differences in efficacy of nematicides existed with regard to 
the number of egg and J2 counts/50 g roots at all localities. Only oxamyl 
SL, terbufos GR and abamectin/seed treatments resulted in a significant 
reduction of M. incognita numbers in 50g roots and generally showed a 
higher income/ha compared to the untreated control. Although data from 
these trials indicated that synthetically-derived nematicides may provide 
relief to producers where root-knot nematodes attain high pest status, 
cost-efficacy analyses did not allow registration of these products for 
use in local soybean production systems at the time. However, the 
evaluation of newly-developed products with nematicidal properties 
should proceed. The use of sustainable strategies where such products 
can contribute to reduce plant-parasitic nematodes in an integrated 
management approach can be advantageous to producers.
Conclusion
The magnitude of plant-parasitic nematode problems, focussing on 
root-knot nematodes, in soybean has been illustrated in this article. 
Sustainable production of soybean is likely to be jeopardised as a result 
of the build-up of various root-knot nematode species, in particular, 
in soybean-based cropping systems. This necessitates research 
aimed at quantifying the impact of these and other nematode pests in 
producing areas where cultivation of the crop is planned. In addition, 
it is crucial that funding be secured on a continuous basis to develop 
improved management systems for these pests in soybean-based 
cropping systems. Current approaches towards environmentally-friendly 
strategies to combat plant-parasitic nematodes increase the pressure on 
researchers and decision-makers in the soybean industry to coordinate 
research initiatives and seek sustainable solutions. Future research 
should particularly address the identification of alternative sources 
of resistance to economically important plant-parasitic nematodes, 
such as Meloidogyne spp. In addition, the development of integrated 
strategies to combat nematode pests of soybean should be addressed. 
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